Neurological disorders affecting individuals in infancy to old age elude interventions for meaningful protection against neurodegeneration, and preclinical work has not translated to humans. We studied human neuron responses to injury and death stimuli compared to those of animal neurons in culture under similar settings of insult (excitotoxicity, oxidative stress, and DNA damage). Human neurons were differentiated from a cortical neuron cell line and the embryonic stem cell-derived H9 line. Mouse neurons were differentiated from forebrain neural stem cells and embryonic cerebral cortex; pig neurons were derived from forebrain neural stem cells. Mitochondrial morphology was different in human and mouse neurons. Human and mouse neurons challenged with DNA-damaging agent camptothecin showed different chromatin condensation, cell death, and DNA damage sensor activation. DNA damage accumulation and repair kinetics differed among human, mouse, and pig neurons. Promoter CpG island methylation microarrays showed significant differential DNA methylation in human and mouse neurons after injury. Therefore, DNA damage response, DNA repair, DNA methylation, and autonomous cell death mechanisms in human neurons and experimental animal neurons are different.
INTRODUCTION
There are many unmet needs for effective therapeutic interventions for all human neurological disorders ranging from infancy to old age. In fact, translational development and application of disease-and injury-modifying treatments for human acute and chronic neurological disorders in newborns, children, and adults have been very disappointing, despite extraordinary financial and labor investments. For example, spinal muscular atrophy clinical trials aimed at restoring levels of survival motor neuron protein in infants have failed (1) . Therapeutic hypothermia is used for neonatal hypoxic-ischemic encephalopathy (HIE), but clinical trials show partial, limited efficacy (2) , and no efficacy for out-ofhospital and in-hospital pediatric cardiac arrest (3, 4) . Drugs and biologics that show positive outcomes in preclinical animal models of adult brain and spinal cord injury and neurodegenerative disease fail repeatedly in clinical trials. The cerebral ischemia field has witnessed clinical failures with >120 different glutamate receptor and ion channel antagonists, free radical scavengers/antioxidants, and other drugs (5, 6) . The available treatments for Alzheimer disease (AD) offer symptomatic benefits with marginal clinical significance; cholinesterase inhibitors of the donepezil-type have been used for $30 years and, more recently, the Nmethyl-D-aspartate (NMDA) receptor antagonist memantine offers little therapeutically to AD patients (7, 8) . Antiamyloid trials for AD have also failed (9) . The failures in clinical trials for amyotrophic lateral sclerosis (ALS) continue to grow (10) (11) (12) (13) . The cost of each CNS disorder-related phase III clinical trial is $$36,000/person/year (14) , so preclinical studies have to be human disease-relevant and truly reflect the reality of human disease.
The biology of neuronal injury, repair, and death is complex and nuanced, especially in the context of the cell death matrix concept (15, 16) , and clinical trial design has many limitations and caveats (17) . There is an insufficient understanding of all forms of human CNS pathobiology. In addition, the absence of genetic, epigenetic, nutritional, and lifestyle uniformity in human patient populations is a complex confounder. The failure to identify human-relevant cell and molecular mechanism-based targets in human neurons for drug discovery and effective therapeutics could also be related to the relevancy of preclinical animal or cell models that are predicated on the major unvalidated assumption that mechanisms of neuronal injury and death are the same in experimental animal systems and in humans. Neuroanatomical and molecular studies fuel concern about the relevancy of preclinical experimental systems for translational medicine. Cortical neuron dendritic morphology varies markedly among different anthropoid species (18) , human and macaque monkeys (19) , and human and mouse (20) . Transcriptome analyses also show species-specific gene expression patterns between human and mouse (21) . However, it is unknown whether these structural and gene expression differences have meaning in the context of biochemical and molecular mechanisms of neuronal repair, degeneration, and cell death. Species postreproductive life span and longevity are also important considerations for disease modeling (22) . With the advent of human stem cellderived neurons, human-relevant mechanisms of cell injury and human neuron-relevant therapeutics can be investigated directly and decisively. Moreover, fundamental mechanisms of disease can be explored in human differentiated neurons. Our study was undertaken to test the assumption that human neurons and experimental animal neurons behave similarly to injury and degenerate similarly. We found distinct differences among human neurons and animal neurons in response to pathological insults such as DNA damage, excitotoxicity, and oxidative stress and conclude that human neurons and rodent neurons degenerate and die differently.
MATERIALS AND METHODS

Cell Culture
Human Cortical Neuron (HCN) Cell Line
The HCN-1A cell line (American Type Culture Collection) was used as a source of human neurons. The HCN cell line was derived from cerebral cortex resected from an 18-month-old female patient with intractable seizures (23) . HCN cells can be induced to differentiate when cultured in media containing nerve growth factor, dibutyryl cyclic adenosine monophosphate (cAMP), and 1-isobutyl-3-methylxanthine. Reports show that HCN cells can differentiate into cells immunophenotyped with neuronal markers such a neurofilament protein, neuron-specific enolase, glutamate, and a variety of neuropeptides (23, 24) . This cell line has a long history of use (25) (26) (27) (28) . We propagated the cells under atmospheric oxygen/5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) and 10% fetal bovine serum (FBS).
Human Neural Stem Cell (NSC)-Derived Neurons
We used human neural stem cells (Invitrogen-Gibco, N7800-200), derived from the H9 human embryonic stem cell line isolated from a normal female (29) , to generate differentiated human forebrain neurons. Neuronal differentiation was induced, as described in detail (30) , by plating the neurosphere-derived neural precursors on polyornithine/ laminin-coated plates with neurobasal complete medium in the absence of mitogens or with the differentiation medium (DMEM/F12 supplement, 1% N2 supplement, 1% B27 supplement, 1 mM cAMP, 20 ng/mL brain-derived neurotrophic factor, and 20 ng/mL glial cell line-derived neurotrophic factor). Human neurons were cultured under atmospheric oxygen/5% CO 2 , differentiated, and maintained for $30-40 days.
To establish that human differentiated neurons are functional neurons, we did whole-cell patch-clamp recordings (31) . Glass pipettes were pulled on a P-97 electrode puller (Sutter Instruments, Novato, CA). The resistance of the pipettes was 3-5 MX when filled with an intracellular solution (135 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, 5 mM EGTA, 2 mM Mg-ATP, 0.3 mM NaGTP, and 10 mM phosphocreatine, pH 7.25 adjusted with KOH). Cultured neurons on coverslips were superfused at a rate of 2 mL/minute with an external bath solution containing the following: 150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 10 mM D-glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.3-7.4. We performed experiments at room temperature (22-24 C) . Currents from cells were monitored with an Axopatch 200B amplifier (Molecular Devices, San Jose, CA) and acquired through Digidata 1440 A (Molecular Devices) onto a computer using pClamp 10 software (Molecular Devices). All chemicals used for electrophysiological recordings were purchased from Sigma. All drugs and solutions were made fresh from stock solutions.
Mouse Forebrain NSC-Derived Neurons
We used mouse NSCs isolated from the subventricular zone and olfactory bulb as described (32) (33) (34) . Neurons were cultivated from neurospheres that were thawed and expanded in vitro. After one passage, they were collected by centrifugation, washed once with Hank's salt balanced solution (Ca 2þ and Mg 2þ free), and dissociated with TryLE Express (Gibco, Waltham, MA) for 10 minutes at 37 C and triturated into single cell suspensions. Single cells were regrown under atmospheric oxygen/5% CO 2 as neurospheres and were then dissociated and seeded on poly-D-lysine-coated 35-mm petri dishes at densities of 6Â10 5 /mL with DMEM/F12, 1% N2, B27, 10% FBS, DNase I, and antibiotics (100 U/mL penicillin and 100 lg/mL streptomycin). Mouse neurons were cultured, differentiated, and maintained for $20-30 days.
Mouse Primary Cortical Neurons
Timed-pregnant wildtype mice (C57BL/6 strain, The Jackson Laboratory, Bar Harbor, ME) were used. Animal care was provided in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Mouse cortical neuron cultures were prepared as described (35) (36) (37) (38) . Cortical tissue (both hemispheres) was digested in trypsin and washed. Cell suspensions were counted. Cells ($10 6 ) were plated onto 35-mm tissue culture dishes coated with 33 lg/mL poly-D-lysine (Sigma, St. Louis, MO) and human fibronectin (Sigma) or onto poly-D-lysine-and laminincoated 12-mm glass coverslips (BD Biosciences, Bedford, MA). The cells were plated in Neurobasal medium (Invitrogen, Carlsbad, CA) or DMEM supplemented with B27 (Invitrogen), 25 lM b-mercaptoethanol (Invitrogen), and streptomycin/penicillin (Invitrogen). Three days after plating, 50% of the medium was changed and then subsequently changed every 5 days. This cell culture is nearly neuron-pure because glial contamination is very low (35) . Mouse primary neurons were cultured under atmospheric oxygen/5% CO 2 , differentiated, and maintained for $20-30 days.
Pig Forebrain NSC-Derived Neurons
We used pig NSCs isolated from the anterior subventricular zone (SVZ) and olfactory bulb SVZ as described (39) . Clonal neurospheres that were cryopreserved in DMEM containing DMSO and FBS were thawed and expanded in vitro again. After one passage, they were collected by spinning, washed once in HBSS and dissociated with TryLE Express (Gibco) for 10 minutes at 37 C and triturated into single cell suspensions and counted. Neurospherederived cells were seeded at densities of 6Â10 5 /mL into poly-D-lysine-coated 35-mm well plates in DMEM/F12, 1% N2, B27, and antibiotics. Pig forebrain neurons were cultured under atmospheric oxygen/5% CO 2 , differentiated, and maintained for $20-30 days.
Mitochondria Tracking
Transient transfections of human and mouse neural cells were done with a Thy1-mitoDsRed2 expression plasmid, engineered as described (38) , or with mitoDsRed2 plasmid with a CMV promoter (Clontech, Mountain View, CA) using Lipofectamine 2000 (Invitrogen). Live cells were imaged using epifluorescence microscopy 48 hours later and were then fixed for 20 minutes in 4% paraformaldehyde/4% sucrose. Digital images were used to measure mitochondrial length, diameter, and cluster size. The length and diameter of individual mitochondria were measured usually in the cell body periphery and proximal dendrites where single mitochondria could be discerned. The major diameter of mitochondrial clusters comprised of apparently 2 or more mitochondria were measured at a perikaryal location.
Camptothecin, Excitotoxin, and Oxidative Stress Challenges to Forebrain Neuron Cell Cultures
We studied the responses of human, mouse, and pig forebrain neurons to toxic stress. One cytotoxic insult was exposure to the plant alkaloid camptothecin (CPT) which has been derivatized to make standard-of-care cancer chemotherapeutic agents topotecan and irinotecan (40) . CPT inhibits DNA topoisomerase-I (Topo-I) (41) . Topo-I is a nuclear enzyme that catalyzes DNA single-strand cleavage and reunion of the phosphodiester backbone to allow relaxation of supercoiling in response to a torsional stress generated by replication proteins at replication forks during DNA synthesis or by transcriptional proteins during RNA synthesis (41) . CPT poisoning of nonneural cells is believed to involve stabilization of Topo-I-DNA complexes, and the trapping Topo-I in an intermediate state to disallow religation of the DNA backbone and thus causing the formation of DNA strand breaks (41, 42) . Topo-I is the only known target of CPT. CPT (Sigma, St. Louis, MO) was dissolved in doubledistilled water supplemented with sodium hydroxide and heated at 55 C for 30 minutes to dissolve completely the drug at a final concentration of 50 mM. CPT was used at 10 lM for 2-24 hours.
We subjected human, mouse, and pig neurons (grown in DMEM) to excitotoxic stress by changing medium to DMEM without B27 and adding the highly specific NMDA glutamate receptor agonist QA (quinolinic acid) or NMDA to the media at a final concentration of 10-100 mM. Neurons were exposed to excitotoxin for 4 hours and then were changed to complete DMEM growth medium.
We subjected human, mouse, and pig neurons (grown in DMEM) to chemical oxidative stress by changing medium to DMEM without B27 and adding hydrogen peroxide (H 2 O 2 ), nitric oxide (NO) donor, or peroxynitrite (ONOO À ). H 2 O 2 was used at a final concentration of 1 mM. Two different NO donors were used: sodium nitroprusside (SNP, Sigma) and N-(2-aminoethyl)-N-(2-hydroxyl-nitrosohydrazino)-1, 2-ethylenediamine (spermine-NONOate, OXIS International, Portland, OR). Spermine-NONOate was used because the in vitro generation of NO is slower than SNP and is steady state (43) . Cells were exposed to SNP (10 mM) or spermine-NONOate (10 mM) for 60 minutes. Neurons were also exposed directly to ONOO À (Alexis, San Diego, CA) at concentrations of 10 mM for 15 minutes. ONOO À is a potent and relatively long-lived reactive oxygen species (ROS) formed by a reaction between superoxide and NO (44) . For controls, neurons were incubated in medium for the same time in the absence of H 2 O 2 or SNP, with spermine tetrahydrochloride/sodium nitrite (NO 
Cell Survival and Cell Death Analysis in Neuron Cultures
For living neuron viewing, cells were viewed under phase contrast optics using a Nikon Eclipse TS100 microscope (40Â objective) equipped with an Infinity camera to capture digital images. For neuronal degeneration observations, fixed cultures were rinsed in phosphate-buffered saline (PBS) and stained with nuclear dye (Hoechst 33258); digital images were captured from nonoverlapping microscopic fields to assess classic apoptotic nuclei or brightly stained condensed nuclei as before (36) .
Immunofluorescence
Immunofluorescence was used to identify cell types and define the maturation of the neuronal cultures. Staining for several neuronal markers (cytoskeletal, synaptic, and transcription factor proteins) was done: microtubule-associated protein-2 (MAP2), synaptophysin, a-synuclein (aSyn), b-synuclein (bSyn), and T-box brain 1 (TBR1). Staining for glial fibrillary acidic protein (GFAP) was done to assess astrocyte presence in the cell cultures (see Supplementary Data Methods). Preparations were viewed with a Nikon TS100 microscope and digital images were captured with a Nikon Infinity CCD camera or they were viewed using a Zeiss LSM confocal microscope. Counting of immunopositive cells was done from digital images acquired in raster scanning patterns covering the culture. 
Caspase Activity Assays
Human and mouse neurons were lysed in cell lysis buffer and evaluated for the activity of caspases that recognize the DEVD caspase-3 cleavage motif (Chemicon, Temecula, CA) or the VEID caspase-6 cleavage motif (BioVision, Milpitas, CA) using colorimetric assay kits. Human recombinant active caspase-3 (Chemicon) and active caspase-6 (BioVision) were used as positive controls. Samples were treated with caspase-3 inhibitor (Ac-DEVD-CHO) or the caspase-6 inhibitor (Z-VEID-FMK) were negative controls.
Comet Assay for DNA Damage and DNA Repair Cells were detached from culture plates by incubation with 0.25% trypsin/EDTA, and then were collected, centrifuged, and washed with PBS to remove trypsin, and resuspended in PBS. A commercial comet assay kit was used (Trevigen, Gaithersburg, MD, 4252-040-K) according to manufacturer instructions. Comets were observed using SYBR gold or ethidium bromide DNA dye. Images were acquired and analyzed using Slidebook or Spot software. Comets were manually counted and comet moments were calculated as described (45, 46) .
Genome-Wide Promoter CpG DNA Methylation Profiling of Human Neurons and Mouse Neurons
Promoter microarrays provide an efficient, highthroughput genome-wide screen of CpG islands with differential methylation (47) . Differentiated human neurons and mouse neurons were treated with CPT (10 lM) or vehicle and 6 hours later were lysed for genomic DNA isolation and screening on CpG island promoter microarrays. Genomic DNA was isolated by phenol-chloroform extraction and was sonicated to generate random fragments. All DNA restriction enzyme cutting, methylated DNA immunoprecipitation (MeDIP), sample labeling, hybridization, and processing were performed under standardized and strict operating procedures.
For human neuron CpG island DNA methylation, we used University Health Network (UHN) 12 K human CpG arrays (UHN Microarray Center, Toronto Canada). These arrays have 12,192 spotted clones that represent a large percentage of the CpG islands found in the human genome (48) . The sequences on this array are derived from a CpG island library in which 75% of all clones are unique sequences and 25% correspond to repetitive elements as well as ribosomal and mitochondrial DNA (48) . About half of the unique clones map to the 5 0 end of known gene promoters. Human neuron genomic DNA (2 mg) was subjected to MseI cutting, leaving CpG islands intact, and linker ligation followed by BstUI and HpaII digestion. Methylated fragments were amplified by linker ligation-mediated PCR. Amplicons from CPT-treated human neuron DNA samples were labeled with Cy5 by direct incorporation in a random priming reaction using the Klenow fragment. Vehicle-treated control DNA was treated accordingly and labeled with Cy3. Array image acquisition was done using GeneChip Scanner 3000. Arrays were analyzed with Microarray suite software. Features with poor signal-to-noise ratios or saturated pixels were excluded from the analysis. After normalization, the microarray data were imported into Affymetrix microarray suite software for analysis. The individual spot sequence identities with differential methylation signals were determined from automated sequencing of the genomic fragment from the clone and comparison to online databases.
For mouse methylated CpG island DNA microarrays, we used NimbleGen RN34 Meth 3x720K mouse CpG plus promoter arrays. This array contains all known annotated CpG islands and well-characterized RefSeq promoter regions covered by $720,000 probes. Immunoprecipitation of methylated DNA was performed using BiomagTM magnetic beads coupled to monoclonal antibody to 5-methylcytosine (clone 33D3, Active Motif, Carlsbad, CA). The total input and matched immunoprecipitation DNA were labeled with Cy3-and Cy5-labeled random 9-mers, respectively, and then were hybridized to arrays. An Axon GenePix 4000B microarray scanner was used.
Statistical Analysis
All quantitative data on mitochondrial morphology, cell death, DNA damage/repair, and Western blotting are expressed and mean 6 standard deviation. Human, mouse, and pig neurons from 3 independent cultures were used. Samples for each assay were run in triplicate. Statistical analysis among groups was performed with one-way analysis of variance (ANOVA) or two-way ANOVA followed by the Duncan's multiple range test, with p < 0.05 considered statistically different.
For the analysis of microarrays, raw data were extracted as pair files by NimbleScan software (Roche NimbleGen, Inc.). Median-centering quartile normalization and linear smoothing by Ringo, Limma, and MEDME was performed. From the normalized log 2 -ratio data, a sliding-window peakfinding algorithm, as part of NimbleScan v2.5 (Roche NimbleGen, Inc.), was used to find the methylated CpG enriched peaks with specified parameters (sliding window width: 750 bp; mini probes per peak: 2; p value minimum cut-off: 2; maximum spacing between nearby probes within peak: 500 bp). A Kolmogorov-Smirnov test was used to assign alog 10 p value enrichment score. The hybridization results of promoter CpG island microarrays are presented as mean log 2 ratios between CPT-treated (E, experimental) and vehicletreated (C, control) human or mouse neurons of 3 independent microarray experiments. To compare promoters with differentially enriched methylation between in the E and C groups, log 2 -ratio values were averaged for the calculation of the M 0 value [M 0 ¼ Average(log 2 fluorescence intensity signal MeD-IPE/fluorescence instnsity signal InputE)ÀAverage(log 2 fluorescence intensity signal MeDIPC/fluorescence intensity signal InputC)] for each probe. To find the differential enrichment peaks, a NimbleScan sliding-window peak-finding algorithm was used. The differential enrichment peaks were filtered by: at least 1 of the 2 groups having a median value of log 2 MeDIP/Input !0.3 and a median value of M 0 >0 within each peak region; and at least half of the probes in a peak having a median value of coefficient of variability 0.8 in both groups within each peak region. A fold-change of 1.5 was generally the cut-off for significance (p < 0.05).
Figure Generation
Figures were prepared using Microsoft Excel, SigmaStat, CorelDraw, and Adobe Photoshop. Images might have been adjusted for brightness, tone, or contrast without altering any content.
RESULTS
Cell Culture and Differentiation of Human Neurons and Animal Forebrain Neurons
Our human NSC-derived neuron culture has been described (30) , but more characterization of the cultured differentiated human neurons is presented here (Fig. 1 ). Robust and healthy human neurons were differentiated from human neuroprogenitors derived from embryonic H9 stem cells (Fig. 1 ). H9-NSCs differentiated into pyramidal-like neurons and developed extensive processes and neuritic networks as seen by differential interference microscopy of living neurons (Fig. 1A ). These observations were substantiated after cell fixation and immunophenotyping for the neuron-specific cytoskeletal protein MAP2, the synaptic protein synaptophysin (Fig. 1B, C) , and the cortical neuron transcription factor TBR1 (Fig. 1C inset) . MAP2-positive human neurons had bipolar and multipolar cell bodies and long, branching dendritic arborizations (Fig. 1B, red) . Elaborate axonal differentiation was inferred in human neuron cultures by the formation of numerous presynaptic boutons, identified by synaptophysin that formed apparent axosomatic and axodendritic synapses (Fig. 1B, C, green) . Despite the presence of apparent robust health and elaborate morphological differentiation, human neurons in culture can often be electrically silent (30), unlike healthy mouse neuron cultures that tend to display robust spontaneous activity and induced action potentials (31) . Whole-cell patch-clamp methods demonstrated that these human cells differentiated into functional neurons ( Fig. 1G-I ). These human neuron cultures showed the capacity to generate action potentials in response to current injections (Fig. 1G ). Tetrodotoxin (TTX; 0.5 lm) blocked the action potentials (data not shown). In voltage-clamp mode, large inward and outward currents were induced in human neurons by incremental depolarization steps between À70 mV to þ20 mV (10 mV increments) from a holding potential of À110 mV (Fig. 1H) . The fast-activating, fast-inactivating inward currents were blocked by sodium channel blocker TTX (0.5 lM) (data not shown). To demonstrate human neurons established functional synaptic networks in culture, as predicted by the synaptic marker immunostaining (Fig. 1B, C) , we analyzed continuous whole-cell voltage clamp recordings. At the holding potential of À70 mV, spontaneous postsynaptic currents were detected in human neurons (Fig. 1I ). The HCN cell line was much less favorable than the H9-NSCs in generating neurons and had considerable (>90% of total cells) astrocyte-like cell differentiation (Supplementary Data Fig. 1D ), whereas in H9-NSC-derived neuron cultures GFAP-positive cells were-<2% of the population.
The differentiation of neurons from mouse and pig forebrain NSCs was similarly characterized by enrichments of neuronal cytoskeletal and synaptic markers and minor GFAP staining. Differentiated pig neurons showed elaborate MAP2-positive cell bodies and dendrites that were decorated with axosomatic and axodendritic synapses positive for bSyn (Fig. 1D, E) . NSC-differentiated mouse neurons were enriched in bSyn-positive neuronal cells bodies as well as bSyn-and synaptophysin-positive presynaptic terminals (Fig. 1F) and were similar to embryonic mouse primary cortical neurons (data not shown). Both pig and mouse neurons showed high percentages of cells positive for TBR1 (Fig. 1E, F insets) . These findings are consistent with previous descriptions (32, 33, 35-37, 39, 49) and further demonstrate that our neuronal cell cultures from different species have comparable health and viability and can be used appropriately as models for comparative neuronal toxicity and death.
Mitochondria in Living Cultured Human Neurons and Mouse Neurons Appear Different
To identify mitochondria in living human and mouse neurons, cell cultures were transfected with a mitoDsRed plasmid that drives the expression of red fluorescent protein specifically within mitochondria (38, 50) . Subsets of human and mouse neurons showed exquisitely visible mitochondria (Supplementary Data Fig. 1A, B) . The distributions and morphology of mitochondria within human and mouse neurons appeared different (Supplementary Data Fig. 1A, B) . Mitochondria within human neurons assumed larger aggregated or clustered networks compared to mouse neurons, particularly at perinuclear locations (Supplementary Data Fig. 1A, B) . Further analysis of individual mitochondria revealed that the lengths of human neuron mitochondria were greater compared to mouse mitochondria, but diameters were similar (Supplementary Data Fig. 1C ). Most HCN cells differentiated into astrocyte-like cells with a flat broad morphology seen by DIC (Supplementary Data Fig. 1D ). DsRed-tagged mitochondria in astrocyte-like cells appeared in patterns very distinct from human neurons (Supplementary Data Fig. 1E ).
Nuclear and Chromatin Changes in Degenerating Human Neurons and Mouse Neurons Appear Different
When human and mouse neurons were differentiated from NSCs and then treated similarly with identical doses of DNA damaging insult, such as CPT, the nuclear alterations in degenerating neurons were distinctly different in human and mouse neurons. Exposure of human and mouse nonneural and neural cells to CPT induces DNA damage, interference with DNA-dependent RNA polymerase, and apoptosis; it is believed that CPT triggers apoptosis in neurons by induction of DNA single-strand breaks and activation of DDR (37, (51) (52) (53) (54) (55) . In differentiated human neurons, DNA staining showed that the chromatin condensation in CPT-treated cells was generally homogeneous and uniform within the nucleus but did not form discrete round chromatin clumps or crescentic marginations at the nuclear envelope ( Fig. 2A) , as in typical neuronal apoptosis (56) . Throughout the time course of cell death (Fig. 2C) , most differentiated degenerating human neurons underwent pyknosis apparently without fragmentation of the nucleus and cytoplasm into round masses ( Fig. 2A) . This feature of degenerating human neurons also has been seen in vivo in autopsy tissue of adult and newborn spinal cord and brain from motor neuron disease patients (ALS and spinal muscular atrophy) and in newborn brain with HIE using conventional staining and DNA fragmentation labeling in tissue sections (16, (57) (58) (59) . In contrast, DNA staining showed the morphological signature of apoptosis (56) in mouse neurons with condensation of the chromatin into round masses and the fragmentation of the nucleus and cytoplasm into small round masses (Fig. 2B) . This feature is consistent in mouse neurons whether they are derived from NSCs or embryonic cerebral cortex, confirming previous reports with primary neurons (35, 36) . This mode of degeneration was uniform and progressive ( Fig. 2C) in mouse differentiated neurons.
Differences in dying human and mouse neurons were also revealed by Western blotting for cofilin (Fig. 2D) . Cofilin functions in actin dynamics and participates in cytoplasmic and nuclear events associated with apoptosis (60) . In apoptotic mouse neurons treated with CPT, cofilin levels were elevated significantly at 4-16 hours and then sharply declined (Fig. 2D) . In contrast, in CPT-treated human neurons cofilin levels progressively increased significantly to high enrichment through 4-24 hours, with 4-fold elevations achieved at 24 hours (Fig. 2D ).
Caspase Activation Is Different in Dying Human Neurons and Mouse Neurons
To verify that human and mouse neurons were undergoing cell death, caspase activation was assessed (Fig. 3A-C ). Caspase isoform utilization was different in human and mouse neurons exposed to CPT (Fig. 3A-C) . Mouse neurons underwent apoptosis in response to a lethal DNA damaging insult with a strong progressive increase in caspase-3 biochemical activity at 2-8 hours of CPT exposure compared to culturematched, vehicle-treated mouse neurons (Fig. 3A) , consistent with numerous other studies (35) (36) (37) 61) . In contrast, CPTtreated human neurons showed only slight increases in caspase-3 biochemical activity at 8 hours of similar treatment (Fig. 3A) . Because of studies showing changes in caspase-6 activity and immunostaining in primary human neurons and in postmortem AD brain (62, 63) we assayed for caspase-6 activity. Human neurons had a strong progressive increase in caspase-6 biochemical activity at 2-8 hours of CPT exposure (Fig. 3B ) compared to culture-matched vehicle-treated human neurons, but mouse neurons did not (Fig. 3B) . This biochemical analysis was corroborated by Western blotting that showed minor accumulation of cleaved caspase-3 in CPT-treated human neurons, while cleaved caspase-6 accumulated robustly (Fig. 3C ).
Bcl-2 Family Mitochondrial Death Protein Levels Change Differentially in Dying Human Neurons and Mouse Neurons
The intrinsic mitochondrial cell death pathway (16) was examined in human and mouse neurons treated with CPT (Fig. 3D, E) . In human neurons, Bax immunoreactivity was elevated significantly at 16 hours but remained similar to control levels at other times (Fig. 3D) . Noxa levels in human neuron lysates progressively increased significantly at 4-16 hours and then were back to control low levels at 24 hours (Fig. 3D ). An almost similar pattern to Noxa was seen with Puma (Fig. 3D) . In contrast, in lysates of CPT-treated mouse neurons, Bax immunoreactivity was found significantly increased acutely at 4 h and then was lower than control levels at 16-24 hours (Fig. 3E) . Noxa levels in apoptotic mouse neurons showed sustained decrements compared to control, while Puma immunoreactivity was found elevated at 4 hours and then levels were maintained similar to control levels (Fig. 3E) .
DDR Is Different in Human Neurons and Mouse Neurons
Our experiments so far indicate that downstream cell death pathways are activated differently in human neurons and mouse neurons, so we explored upstream cell death signaling. An upstream DNA damage sensor that has been studied in nonneuronal cells is the meiotic recombination 11 homolog A protein (Mre11)-Rad50-Nijmegen breakage syndrome-1 protein (Nbs1) complex (MRN) (64) . Nbs1 (nibrin) is phosphorylated by ataxia telangiectasia mutated protein kinase (ATM) in response to DNA double-strand breaks (65) . After CPT treatment, mouse neurons did not robustly activate the MRN complex as detected by serine-343 phosphorylated Nbs1 (Fig. 4A, E) . In contrast, human neurons with a CPT-DNA damaging insult rapidly and strongly activated the MRN complex as seen by Nbs1 phosphorylation (Fig. 4A, D) .
To further explore the potential differences in the DDR of CPT-treated human and mouse differentiated neurons, Western blotting was done for activated ATM/Rad3-related kinase (ATR), p53, and p73, as detected by their phosphorylated forms. p73 is a p53 family member with transcription factor and tumor suppressor activities (66, 67) . Human neurons with CPT treatment showed an acute (4 hours) and sustained (8-24 hours) activation of ATR compared to culture-matched vehicle-treated human neurons (Fig. 4B, D) , while p53 and p73 activation significantly above control was only transient at 16 hours (Fig. 4B, D) . In contrast, mouse neurons with CPT treatment showed an acute (4 hours) and sustained (8-24 hours) activation of p53 and p73, while ATR activation was suppressed at 4 and 24 hours (Fig. 4C, E) .
DNA Damage Accumulation and DNA Repair Are Different in Human, Mouse, and Pig Neurons
We studied upstream mechanisms of cell injury in human and mouse differentiated neurons and also included pig forebrain neurons because this species is used to model neonatal/pediatric ischemic and traumatic brain injury (68) (69) (70) and has a neuropathology more similar to the human clinical picture than neonatal rodent models of cerebral ischemia (59, 69) . Human, mouse, and pig forebrain neuroprogenitors were cultured to differentiation and then, under similar culture conditions, were exposed to identical insults, including topoisomerase inhibition, excitotoxicity, and oxidative stress (Fig. 4F-H) . These insults are thought to contribute to the pathology of a variety of neurological disorders, including AD, Parkinson disease, ALS, and neonatal/adult stroke (16, 71) . A readout for cell injury was DNA-SSB formation based on single-cell gel electrophoresis (comet assay) (Fig. 4F) .
Mouse neurons showed greater vulnerability to accumulate DNA damage than human and pig neurons in response to different types of physiological challenges (Fig. 4G, H) . After exposure to the DNA Topo1 inhibitor CPT, mouse neurons exhibited more DNA damage than human and pig neurons (Fig. 4G) . Similarly, mouse neurons showed more DNA damage accumulation than human and pig neurons after exposure to NMDA glutamate receptor excitotoxicity, while human and pig neurons show similar responses (Fig. 4H) . DNA damage accumulation following oxidative and nitrative stress can also be measured by the comet assay (45) . Human and pig neurons showed similar DNA damage responses to H 2 O 2 , NO donors (sodium nitropruside and NONOate), and peroxynitrite (ONOO), while mouse neurons had significantly higher levels of genome damage (Fig. 5A-C) .
DNA repair activity in cells can be evaluated using the comet assay (46, 72) . Human, mouse, and pig neurons were subjected to a low-dose DNA damaging insult and then permitted to recover (Fig. 5D-F) . The comet moment represents a calculation of the amount of DNA-SSBs in the comet tail (72) . Human neurons displayed highly efficient DNA repair, as evidenced by lower comet moment (Fig. 5D) . Comparatively, injured mouse neurons did not have efficient DNA repair in this paradigm (Fig. 5E ). Injured pig neurons had DNA repair efficiency closer to human neurons than to mouse neurons (Fig. 5F ).
DNA Methylation Profiles in Injured Human Neurons and Mouse Neurons Are Different
Genome-wide promoter CpG island DNA methylation profiling was done as a high-throughput screen for additional proof-of-concept that injury responses at the chromatin level are different in human neurons and mouse neurons. Gene promoter methylation signatures in neurons in response to CPT treatment were very distinct and species-specific (Tables 1  and 2 ). Promoter hypomethylation was the major response of CPT-treated human neurons compared to vehicle-treated human neurons. Of the significant differentially methylated Human Neuron DNA Damage and Cell Death genes <1% showed hypermethylation ( Table 1 ). The changes in promoter methylation in human neurons were highly significant (Table 1) . Only one gene, Foxred1, registered a significant hypermethylation (Table 1 ) and, interestingly, it encodes a mitochondrial chaperone protein for complex I (73). Many of the genes found to be hypomethylated in injured human neurons (Table 1) encoded nuclear proteins that function in transcriptional repression, DNA repair, and in the ubiquitinproteasome pathway (74) (75) (76) (77) (78) . In contrast to human neurons, CPT-treated mouse neurons showed much greater diversity in their DNA methylation responses (Table 2) . Of the mouse gene promoters registering significant differential methylation in CPT-treated neurons compared to vehicle-treated neurons, 42% were hypermethylated and 58% were hypomethylated ( Table 2) . Consistent with the propensity of mouse neurons to undergo apoptosis, they showed hypermethylation of the DNA repair enzyme Neil1 (79) and hypomethylation of genes involved in cell death, such as Bak and DNases controlling internucleosomal fragmentation of DNA (Table 2 ). An unanticipated pattern that emerged was the hypomethylation of several genes encoding small nucleolar and nuclear RNAs ( Table 2) . For selected genes, changes in promoter methylation of protein-coding genes in human neurons and mouse neurons were validated at the protein level by Western blotting (Fig. 6A, B) . In human neuron lysates, Foxred1 was downregulated and UBE2V2 was upregulated with CPT treatment (Fig. 6A) . In mouse neuron lysates, Bak was upregulated and Neil1 was downregulated with CPT treatment (Fig. 6B) .
DISCUSSION
The results of this study are novel and important because they show that human neurons respond to cellular stress and can degenerate and die differently from experimental animal neurons under identical insults. We did several comparisons among human, mouse, and pig differentiated forebrainderived neurons in cell culture. We found differences in the morphology of mitochondria of human and mouse neurons, differences in the nuclear morphology of dying human and mouse neurons, differences in cell death signaling, and differences in neuronal genome responses to toxic insults such as DNA damage, excitotoxicity, and oxidative/nitrative stress. Notably, the genomic DNA damage response, DNA repair, and cell death mechanisms were different in human neurons compared to mouse and pig neurons. Human and pig neurons had more similar DNA damage/repair responses than did human and mouse neurons. We also found fundamental differences in promoter CpG island DNA methylation patterns between human neurons and mouse neurons. These findings are important because they challenge the long-held assumptions that experimental mammalian animal modeling of nervous system injury and disease is directly reflective of, and relevant to, human neuron biology and should be a launchpad for human CNS disease-and injury-related clinical trials.
Experimental Paradigm
We used cell culture to compare human, mouse, and pig neuronal cell injury and death. The neurons were well differentiated at the time of insult. The neuronal composition and differentiation states of the cell cultures were verified by morphology and immunophenotyping for neuronal and synaptic proteins. The cell cultures under study were robustly positive for neuron-specific cytoskeletal proteins and the presynaptic proteins synaptophysin, aSyn, and bSyn before toxic manipulations. The neurons showed a multipolar morphology and possessed elaborate axodendritic and axosomatic synapses. The human neurons were confirmed as active functionally by patch-clamp recording. An inherent confounder of this experimental design is that, while cultures were maintained similarly and received the same treatments at comparable states of differentiation, they were not identically isochronic due to the differences in the timing of differentiation among human, mouse, and pig cells. While the neurons studied were derived from human, mouse, or pig forebrain NSCs, it is uncertain whether identical subtypes of neurons were represented in the cultures. Another caveat is that, because of the lack of a variable-control O 2 incubator, our neurons were cultured under atmospheric O 2 , which is very high compared to physiologic O 2 in tissues. Human and mouse fibroblasts have different sensitivities to O 2 (80) , and this might be true for neurons. Lastly, the human neurons were female, the mouse neurons had mixed gender, and the pig neurons were male. FIGURE 4. Continued significant decreases in pATR at all-time points (**p < 0.01 or *p < 0.05), significant increases ( þþ p < 0.001) in pp53 at all time points, and significant increases ( þþ p < 0.001 or þ p < 0.01) in pp73 at all time points. (F) Mouse neurons without (left, control) and with (right, CPT) DNA damage (DNA-SSBs) as visualized by single-cell gel electrophoresis (the comet assay). Living, differentiated mouse cortical neurons were treated with vehicle (left) or 10 lm CPT (right) and subjected to alkaline comet assay and DNA staining with SYBR Green. Normal neurons with intact nuclear DNA appear have round nuclei with no tails (A). In neurons with DNA-SSBs (B), some of the DNA elutes out of the nucleus and appears as a tail that gives the appearance of a "comet." (G) Human, mouse, and pig neurons respond differently to DNA damaging insults. Cultured differentiated neurons were challenged with 10 lm CPT for 8 hours and then harvested for comet assay. Values are mean 6 SD. The percentage of mouse neurons with DNA damage was significantly greater (**p < 0.01) than the percentages for human and pig neurons. Pig neurons were also significantly different compared to human neurons but the level of significance was less (*p < 0.05) than for mouse neurons. (H) Human, mouse, and pig neurons respond differently to excitotoxicity by forming different levels of DNA damage. Cultured differentiated neurons were challenged with 10 mM NMDA for 30 mins and then subjected to comet assay. Values are mean 6 SD. The percentage of mouse neurons with DNA damage was significantly greater (*p < 0.01) than the percentages for human and pig neurons. Pig neuron response was not different from the human neuron response.
This study has an obvious limitation because cultured neurons were examined far-removed from in vivo CNS physiology. However, we reasoned that this strategy, though reductionistic, was a helpful starting point to test the hypothesis that cell autonomous degeneration of CNS neurons is different in different species. It is important to show this fundamental difference in isolated neurons because it is very likely that in vivo tissue modifiers such as vascular physiology, glial microenvironment, immune responses, and other neuropil biology, could render neuronal degeneration even more highly nucanced and species-dependent.
Mitochondrial Morphology Is Different in Human Neurons and Mouse Neurons
We studied the morphology of mitochondria in differentiated human neurons and mouse neurons in culture. Mitochondria were tagged with DsRed (38, 50) . We found that human forebrain neuron mitochondria have more complex morphology than mitochondria in mouse forebrain neurons. For example, the length and clustering of human neuron mitochondria was greater than in mouse neuron mitochondria, and human mitochondria appeared as a more interdigitated network within the neuronal cell body and perinuclear vicinity. , and pig neurons (C) all developed DNA damage after exposures to ROS and reactive nitrogen species. All types of neurons were most sensitive to ONOO because more DNA damage was found these groups. DNA damage accumulations in human and pig neurons were similar with exposure to H 2 O 2 , SNP, and NONOate (*p < 0.05), while mouse neurons had more severe DNA damage accumulation (*p < 0.01) compared to human and pig neurons. (D-F) Human neurons have more efficient DNA single-strand break (SSB) repair compared to mouse and pig neurons in cell culture. Differentiated human neurons (D), mouse neurons (E), and pig neurons (F) neurons were challenged with 10 lm CPT for 1 or 4 hours, washed, allowed to recover for 1 or 4 hours, and then subjected to comet assay to determine levels of DNA single-strand break repair as calculated by the comet moment (DNA intensity tail Âtail area). Values are mean 6 SD. Differentiated human neurons (D) treated with CPT accumulated significant levels of DNA damage (*p < 0.05; þ p < 0.001 compared to vehicle-treated control) and showed efficient time-related repair DNA-SSBs (**p < 0.01). In contrast, CPT-treated mouse neurons (E) accumulated greater amounts of DNA damage compared to CPT-treated human neurons (**p < 0.01; þ p < 0.001 compared to control) and were not successful at repairing DNA damage over a 4-hour recovery period. CPT-treated pig neurons (F) also accumulated significant levels of DNA damage (*p < 0.05; þ p < 0.001 compared to vehicle-treated control neurons) and were significantly successful at repairing DNA (*p < 0.05). (83) (84) (85) . Even within a species, the mitochondria of spinal cord and brain show intrinsic differences in metabolic and functional properties (86) , sensitivity to Ca 2þ -induced permeability transition (87, 88) , and show sex differences (89, 90) .
Nuclear Responses Are Different in Dying Human Neurons and Mouse Neurons
The nuclear changes of differentiated human forebrain neurons during their degeneration were found to be distinct from the nuclear changes seen in mouse differentiated, degenerating forebrain neurons in cell culture. The differences were manifested in the chromatin condensation patterns and the accumulation of cofilin. Cofilin participates in the nuclear program of apoptosis (60) . In degenerating human neurons, the nuclear condensation to pyknosis was typically more gradual, subtle, and uniform throughout the nuclear matrix and without the rapid fragmentation of the nucleus into round masses as in mouse neurons. Uncommon nuclear fragmentation during cell death has been shown in Fas-induced death of human embryonic kidney cells (91) and in human embryonal teratomaderived cells overexpressing truncated fragments of amyloid precursor protein (92) . Evident human neuron degeneration with DNA double strand-break accumulation, but without a signature apoptotic-like nuclear change (56) , is seen commonly in postmortem human CNS tissue sections of individuals with ALS, Parkinson's disease, Huntington's disease, AD, and spinal muscular atrophy (15, 16, 57, 58, 93, 94) . In human neonatal HIE, the nuclear features of neocortical neurodegeneration are distinct from rodent neurons (59) , and the biochemical signatures of human neuronal cell death in situ also show differences from those seen in ischemic rodent brain (59). We do not have an explanation for the differing nuclear morphology features of degenerating human neurons and degenerating rodent neurons, but it could be related to differences in human nuclear matrix and chromatin proteins (95) , DNA methylation (Tables 1 and 2 ; 47), the posttranslational modification of nuclear proteins such as histone methylation (96) , or other human-specific proteome differences (97) . A number of major differences exist in chromatin organization and epigenetic modification among mouse, nonhuman primate, and human brain cells (96, 98) . The apparent morphological uniqueness of human neuron cell death could also be related to uniquely hominid cell death signaling, as seen in other intracellular signaling pathways (99) .
Cell Death Signaling Is Different in Human Neurons and Mouse Neurons
We found that Bcl-2 family and caspase-cell death proteins have different expression and activity patterns in human neurons and mouse neurons during DNA damage-induced cell death. While the levels of some cell death proteins in human and mouse differentiated neurons, such as Bax, differed only temporally after insult, other cell death proteins underwent more striking changes in their levels that are indicative of fundamentally different response patterns intrinsic to human neurodegeneration and mouse neurodegeneration. For example, Noxa and Puma both were elevated in human neurons during their degeneration, but Noxa and Puma levels decreased in mouse neurons during cell death. This contrast suggests different p53-driven gene responses or mobilizations of existing mRNA pools as supported by our promoter CpG island methylation findings. Caspases appeared to differ fundamentally in their utilization in human neurons and mouse neurons. Human differentiated neurons showed robust activation of caspase-6, but not caspase-3, as evidenced by biochemical activity assay and Western blotting, while mouse neurons showed robust activation of caspase-3. Others have found in toxicity assessments that mouse neurons briskly and strongly activate caspase-3, while human neurons do not activate caspase-3 greatly above baseline (100) . Another study has shown that caspase-6 appears to have little role in mouse neuronal cell death (101) .
DNA Damage Response and Repair Are Different in Human Neurons and Experimental Animal Neurons
Little is known about DNA damage sensor mechanisms in postmitotic cells like neurons compared to knowledge of DDR in nonneuronal cells (102) (103) (104) . We found that DNA damage in human differentiated neurons was associated with a DDR characterized by activation of Nbs1 and ATR and their downstream targets, including p53 and p73, but was usually unassociated with classic apoptotic morphology. ATR is a protein kinase that is activated in response to DNA damage (103) (104) (105) . Another DNA damage sensor prominent in nonneuronal cells is the MRN complex (64) . This multiprotein Mre11-Rad50-Nbs1 complex is required for full activation of ATM and ATR (64, 106) . The observed activation of p53 in cultured neurons is consistent with its role in neurodegeneration and neuronal death in rodents (16, 61, (107) (108) (109) (110) and humans (94) . However, p53 signaling mechanisms in human neurons appear to be different from those in mouse neurons because of the slight, transient activation (Fig. 4B, D) . This modest activation of p53 in cultured human neurons might account for the finding that p53 accumulates in the nucleus of upper and lower motor neurons in human ALS (94) without apparent activation of a classically apoptotic pathway that is seen stereotypically in rodent neurons. Moreover, in human neonatal HIE, activated p53 accumulates in the nucleus of neocortical neurons without a corresponding appearance of a classically apoptotic mode of neurodegeneration (59) that is seen commonly in neonatal rodent neocortex after HIE and excitotoxicity (37, 111) . These differences are not surprising in light of the fundamental differences seen with p53-regulated (and many other tumor suppressors) mechanisms in human and mouse cancer biology (112) .
Comparative studies of DNA damage and repair in different species in vivo are uncommon due to major differences in aging, nutrition, and lifestyle. An informative approach to address this topic is a cell culture system where the experimental conditions and readouts can be normalized and equivalent. We studied DNA damage accumul ation and DNA repair in human, mouse, and pig neurons after cytotoxic insults using the comet assay. A surprising finding was that the mouse neuron genome was more sensitive to the insults compared to the human and pig neuron genomes under similar culture conditions. Moreover, human neurons generally had more efficient DNA repair than mouse neurons. Pig neurons had responses more similar to human neurons than to mouse neurons. Our findings are consistent with the observation that mouse fibroblasts sustain greater burdens of oxidative stress and DNA damage than human fibroblasts when grown in 20% oxygen (80, 113) and that human and mouse cells undergo senescence differently (113, 114) . Moreover, our results are in accord with findings showing that cultured mouse embryonic stem cells are less efficient than human counterparts in rejoining ionizing-radiation-induced DNA-DSBs (115) and that the mRNA expression profiles of several DDR and DNA repair genes in liver are higher in human compared to mice (116) . Our observation that MRN activation, shown by the phosphorylation of Nbs1 (nibrin), occurs in human neurons but not in mouse neurons is consistent with this other work.
Precedent for the Concept of Human-Specific Neuronal Cell Injury, Degeneration, and Death Mechanisms Independent evidence has accrued that supports the premise that human neuron DDR and cell death could be different from neurons in other mammalian species, such as rodents. For example, DNA-binding events for some transcription factors, eg forkhead box (FOX) A1, hepatic nuclear factor (HNF) HNF1A, HNF4A, HNF6, are 41%-89% speciesspecific for mouse versus human (117) . Our DNA methylation results support differences in transcription factor activation in injured human and mouse neurons. Major species differences exist in cell death related genes. Murine and human bax, fas, and caspase-6 gene promoter activities are regulated differently by p53 (118) (119) (120) . Our DNA methylation experiments also revealed differential activation of cell death-related genes in injured human and mouse neurons. The hypomethylation of the intrinsic mitochondrial death effector bak gene and DNase genes that mediate internucleosomal digestion of DNA in mouse neurons highlights a major difference from human neurons. Even at baseline, human-specific signatures in the cerebral cortex transcriptome exist in vivo (121); indeed, this work is consistent with the fundamental differences we found in the CpG island methylation in human and mouse neurons differentiated from forebrain NSCs. Moreover, we found in human neurons and mouse neurons a variety of differences in the activation of caspases and in the activation of p53 and p73 as seen at activity and protein levels. These caspaserelated observations are not too surprising because in rodent cells, the caspase-12 gene product functions in apoptosis induced by endoplasmic reticulum stress, but in human the caspase-12 gene is a pseudogene or produces a truncated, protease-inactive protein (122) . Caspase substrates, for example c-Abl, are also known to be species-specific (123) . Moreover, human and mouse caspase-3 activation pathways are different (124) , consistent with our observations that reliance on caspase-3 activation is different in dying human neurons and mouse neurons. Genome vulnerability to damage and DDR also differ. There is almost no conservation of functional response elements for genes involved in DNA repair and DNA metabolism among human and rodents (125) . Here, we found hypermethylation of the Neil1 gene, a DNA base excision repair gene, and Neil1 protein downregulation in injured mouse neurons but not in human neurons. In support of our DDR data, other studies have shown that repair of radiation-induced DNA-SSBs is different in mouse and human cells (115) .
Our argument for human-specific neuronal injury and degeneration is strengthened by genetic experiments in mice. Mice with homozygous null mutations in Atm do not develop neuropathologic features consistent with human AT (126, 127) and mice with human XP-and Cockayne syndromecausing inactivating mutations in nucleotide excision DNA repair genes do not develop neuropathologic features of XP and Cockayne syndrome (128, 129) . Mice with hypomorphic mutations in Nbs1 do not show obvious CNS phenotypes that are seen in humans (130) . Lastly, mice harboring human gene mutations in tyrosyl-DNA-phosphodiesterase 1 that cause spinocerebellar ataxia with axonal neuropathy do not develop a neurodegenerative disorder as in humans (131) .
The concept of human-specific features of neurodegeneration has been articulated before. In the context of agerelated neurodegenerative diseases affecting humans, ALS (132) and AD (133, 134) might be unique to human because of evolutionary adaptations in neocortex. For ALS, this possibility was postulated when comparisons were made between the neuropathology of human sporadic and familial ALS and mouse models of familial ALS (135) . While the classification of lower motor neuron disease is applicable for the mouse model, the specific phenotypes of the lower motor neuron pathology in most familial ALS mouse models differed dramatically from human (135, 136) . Moreover, upper motor neurons in cerebral cortex are mostly unaffected in most current mouse models of ALS, but disease in these neurons is essential for the clinical diagnosis of human ALS (132) . Transgenic pigs might model human ALS better than transgenic mice (137) . Our findings on the similarities in DNA damage vulnerability and DNA repair in human neurons and pig neurons support this claim.
Implications for Human-Specific Neuronal Cell Injury and Death Mechanisms for Modeling Neurodegeneration
Uniquely hominid neuronal cell injury response, DDR, and cell death mechanisms would be transformative for experimental neuropathology and the modeling of human CNS injury and disease. Descriptive and translational studies would be impacted strongly. Studies of postmortem human brain, particularly studies of early disease events, would be encouraged further. A failure to recognize this species-related neurobiology possibly contributes to the recurring lack of success of costly clinical trials for neurological disorders. Vigilance and caution would be needed in extrapolating neuroprotection outcomes from model organisms to humans. This concept can provide needed incentive to move away from the status quo to make room for a paradigm shift in experimental neuropathology. The design of preclinical studies would need to be changed fundamentally. The preponderant reliance on mouse and rat as preclinical model organisms might have to be reconsidered for more work on large animal models such as pig and macaque monkeys, and other advanced nonhuman primates, or on other species with long postreproductive life spans (22) . These genera likely have neuronal injury and neuropathological outcomes more similar to human (68, 138) as well as similar DDR. We found that the DNA repair capacity of pig neurons in the presence of oxidative stress, excitotoxicity, and DNA damage is more similar to that seen in human neurons compared to mouse neurons. One practical extension of our findings is that the screening of drug candidates in the therapeutic pipeline for efficacy in neuroprotection would benefit from high-throughput assays on cultured human, nonhuman primate or pig neurons derived from NSCs and induced pluripotent stem cells, in addition to in vivo testing. Chimeric rodents with major CNS cellular constituents humanized by human NSC-derived neurons and human genes could be developed for in vivo testing. If this concept of human-specific neurodegeneration is correct, then specific cellular mechanism-based therapeutics derived from rodent work is not likely to translate efficiently to human. While these observations relate only to a small part of the comprehensive neuronal injury response, they allow for a critical rethinking of fundamental aspects of how human neuronal injury and neurodegeneration are modeled for human therapeutic relevance.
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